FURUYA, Tokyo Complement activation and development of murine bacteraemia and meningitis following intranasal instillation of cell-bound fimbriated or non-fimbriated organisms were compared to clarify the role of fimbriae in the pathogenesis of illnesses caused by Haemophilus inJEuenza type b (Hib). In-vitro resistance of non-fimbriate bacteria to the bactericidal effects of normal human serum was at least 400 times greater than that of fimbriate bacteria. The amount of C3 bound to fimbriate Hib was more than that to non-fimbriate Hib. When mice were infected with fimbriate bacteria, 11.5% died. When mice were infected with non-fimbriate bacteria, the mean number of viable organisms gradually increased or was constant up to day 7; 38.5% of these mice died. These invivo results were coincident with the in-vitro data. However, the content of polyribosyl ribitol phosphate (PRP) in fimbriate organisms was the same as in non-fimbriate organisms. These results indicate that fimbriate Hib may be less likely to produce bacteraemia and meningitis, correlating with the greater susceptibility to complementmediated bacteriolysis and the lower mortality seen with this type of organism, although fimbriae increase adherence to epithelial cells (mucosal surface).
Introduction
Haemophilus injluenzae type b (Hib) organisms cause both respiratory and systemic infections [ 11. Generally, the initial stage in clinical infection by Hib is attachment to the epithelial cells of the lower respiratory tract, overcoming the mucociliary escalator of the respiratory tract and causing colonisation of the respiratory mucosal surface. This process is mediated by both fimbrial and non-fimbrial adherence factors [2-51. In invasive Hib disease, organisms appear to penetrate the mucosa and enter the vascular system, leading to bacteraemia and meningitis [6] . The main adhesin of Hib appears to be fimbriae [ 11. Antibodies directed against fimbriae diminish bacterial adherence and may prevent infection . In contrast to these findings, there have been reports that almost all Hib isolates from infected patients are non-fimbriate [ 10, 1 11. Infant rats infected with non-fimbriate Hib by various routes were found to have a higher frequency of bacteraemia than animals inoculated with a fimbriate variant [12, 131. Thus, the role of fimbriae in the pathogenesis of Hib is not clear.
H. injluenzae were found intracellularly in adenoid tissues of 10 clinically disease-free children [ 141. This shows that H. injluenzae is an intracellular parasite. It has been demonstrated that H. injluenzae invades monolayer cells in vitro by a process that is inhibited by cytochalasin D and colchicine. Accordingly, it seems possible that oropharyngeal epithelial cells carrying cell-bound H. injluenzae may exfoliate and enter the trachea, thus allowing the bacteria to escape normal host defence mechanisms, establish themselves in the lower respiratory tract and eventually produce infection and disease.
To examine this hypothesis, this laboratory has developed a murine bronchopneumonia model of non-typable H. injluenzae (NTHI) infection, with cell-bound organisms (CBO) [15] . The Hib bacteraemia and meningitis model established by inoculation of CBO was considered to be advantageous for studying the virulence factors.
The aim of the present study was to clarify the role of fimbriae in the pathogenesis of Hib disease. Differences in the quantity of complement bound to fimbriate and non-fimbriate Hib organisms, in the sensitivity of these two groups to complementmediated bacteriolysis and in the mortality rate in murine bacteraemia and meningitis caused by these two organisms were measured to test the hypothesis that Hib fimbriae are associated with complementmediated bactericidal activity and opsonisation.
Materials and methods

Bacteria
H. influenzae strains 770235f-bs and 770235f+bf were a gift from Dr L. van Alphen; the source of these strains has been described previously [5, 161. The bacteria were cultured overnight in Brain Heart Infusion Broth (Difco, Detroit, MI, USA) supplemented with NAD and haemin (sBHI broth).
Monoclonal antibody (MAb) 6HE8, specific for the fimbriae of H. influenzae 770235ffb+ (kindly supplied by Dr L. van Alphen), was used to confirm expression of the fimbriae in isolates from infected mice by an agglutination test.
A portion of the sBHI culture was inoculated, as a pre-culture, into a fresh sample of the same broth at a final concentration of 5%; the new culture was then incubated for 3 h at 35°C. After centrifugation, the bacteria were washed three times with phosphatebuffered saline (PBS) and suspended in Eagle's minimal basal medium (MEM) at a volume similar to that of the original culture (mean viable count 4 X lo8 cfu/ml). This suspension was used for the bacterial adherence experiment and quantification of polyribosyl ribitol phosphate (PRP). A portion of the suspension was also diluted 10-fold with RPMI 1640 and this dilution was used in the assay of bacterial killing by normal human serum (NHS).
Tissue culture cells
Mouse fetal lung (MFL) cells [17] were used for the adherence assay and the preparation of cell-bound organisms. The MFL cell line was cultured in MEM with heat-inactivated fetal calf serum 10%. All media and reagents were from Gibco Laboratories (Grand Island, NY, USA).
Bactericidal effect of NHS
Sera from three healthy adult volunteers were processed immediately, pooled and stored at -80°C as individual 0.5-ml samples. The haemolytic complement activity of pooled serum was 35 CHSoU/ml. NHS was inactivated at 56°C for 30 min. The following absorptions were performed. H. inJuenzae strains 770235f -b+ and 770235f+b+ from a mid-logarithmic phase broth culture were washed in PBS and suspended in 1 ml of ice-cold NHS to yield lo9 cfu/ml. Each suspension was rotated at 5 rpm and 4°C for 30 min, after which the serum was separated by centrifugation at 0°C. The sera absorbed with H. influenzae 770235f-b+ and 770235f+b+ were named NHSF-and NHSFt, respectively. Studies on the bactericidal effects of pooled serum were performed in RPMI 1460 medium with serum lo%, to which Hib were added as free bacteria (8 X lo5 cfu/ml). The resulting suspensions were rotated at 5 rpm for 0.5, 1 and 2 h at 35°C. After each time interval, the samples were agitated vigorously with glass beads, then plated in duplicate on to chocolate agar to determine the number of viable bacteria. In this experiment, Escherichia coli JC2, sensitive to human serum, was used as a control.
Assay of C3 bound to organisms
Bacteria cultured overnight on chocolate agar plates were collected and washed three times with PBS. The organisms were then suspended in carbonate buffer, pH 9.5, at a concentration corresponding to McFarland no. 0.5. Microtitration plates were coated with this bacterial suspension and incubated for 18 h at 4"C, after which non-specific binding sites were blocked by incubation with PBS containing bovine serum albumin 1% w/v for 18 h at 4°C.
After the plates had been washed with PBS, 100 pl of human C3 solution (1 pg/ml in blocking buffer; Chemicon Internal, Temecula, CA, USA) were added to each well. The plates were then incubated for 1 h at 35°C and washed with PBS. Goat anti-human C3 serum (Chemicon International), diluted 1 00-fold with blocking buffer, was then added to each well (100 pullwell). Afier incubation for 2 h at 35"C, the plates were washed with PBS and 100 pl of alkaline phosphataseconjugated goat IgG (Chemicon International), diluted 500-fold with blocking buffer, were added to each well. The plates were then incubated for 2 h at 35°C. After the plates had been washed, 100 p l of substrate (phenylphosphoric acid 4.5 mmol/L and 4-aminoantipyrine 2.0 mmol/L in 0.025 M carbonate buffer, pH 10.2) were added to each well and the plates were incubated for 30 min at 35°C. Finally, 50 pl of sodium metaperiodate 0.8% solution were added to each well and the optical density was read at 490nm (OD490).
Quantijication of PRP in jimbriate and nonfimbriate organisms
The cells suspended in 3 ml of PBS were lysed by sonication to release PRP. Samples were then diluted and PRP content was assayed by ELISA, with burro antiserum to PRP (kindly supplied by Dr J. Robbins), rabbit anti-Hib serum (kindly supplied by Dr H. Gondaira) and purified PRP (kindly supplied by Dr J. Marshall). Microtitration plates were coated with burro antiserum to PRP diluted 1 in 1000 in carbonate buffer, pH 9.5, for 18 h at 4°C. Plates were then washed three times with PBS and samples were added to the first row of wells. The first well contained PBS only as a blank and the last well contained purified PRP 50 ng/ml. Doubling dilutions of samples, blank and standard were performed in PBS to fill the rest of the wells on the plate. The plate was incubated for 2 h at 35°C before being washed three times with PBS. Rabbit anti-Hib diluted 1 in 1000 in PBS was added to each of the wells and further incubated for 2 h at 35°C. Plates were washed again three times with PBS and 100 pl of alkaline phosphatase-conjugated goat IgG (Chemicon Internal), diluted 1000 times with blocking buffer, were added to each well. The plates were then incubated for 2 h at 35°C. After washing, 100 pl of substrate (phenylphosphoric acid 4.5 mmol/L and 4-aminoantipyrine 2.0 mmol/L in 0.025 M carbonate buffer, pH 10.2) were added to each well. After incubation for 30 min at 35"C, 50 pl of 0.8% sodium metaperiodate solution were added to each well and the OD490 values were read. The experiment was performed five times for each strain.
Adherence of bacteria to epithelial cells
The bacterial adherence experiment was performed according to a protocol described previously [ 181. Briefly, 2 ml of the bacterial suspension were added to a Leighton tube containing a cover slip; tubes were mixed by rotation at 1 rpm and 35°C. After 40 min, non-adherent bacteria were removed by washing the coverslip five times with PBS. Each coverslip was stained with Giemsa's stain and the number of attached bacteria/50 tissue culture cells was counted with the oil immersion lens.
Bacteria were treated with GMl by the method of Gilsdorf et al. [19] . GM1 (Sigma) was dissolved in MEM at a h a 1 concentration of 0.25 pg/ml. Bacterial suspension and GM1 solution were mixed (2 ml of each) and rotated at 1 rpm and 35°C. After 60 min, bacteria were collected by centrifugation and suspended in 2ml of MEM, and the bacterial adherence experiment was carried out as described previously [18] .
Preparation of cell-bound organisms
Cell-bound organisms were prepared according to a protocol described previously [ 151. Briefly, the subconfluent monolayer was washed three times with PBS, inoculated with 10 ml of the bacterial suspension described above and gently shaken for 60 min at 35°C. Non-adherent bacteria were then removed by washing three times with PBS. Cells with their adherent bacteria, hereafter referred to as cell-bound organisms (CBO), were separated from the tissueculture flask with a scraper and suspended in 2 m l of MEM. To determine the number of viable bacteria, a portion of the CBO suspension was vigorously agitated with glass beads and serial dilutions were plated on enriched (IsoVitalex; Baltimore Biological Laboratories, Baltimore, MD, USA) chocolate agar. Preliminary experiments confirmed that the number of viable bacteria and the MFL cells were in the ranges (2-5) X lo5 and (8-16) X lo5 cfb/ml, respectively.
Experimental infection in mice
Three days after their airways were impaired by intranasal instillation of 40 pl of formalin 1%, 4-week-old male Slc/ICR mice (Sankyo Laboservice, Tokyo, Japan) in groups of five mice each, received intranasal instillation of 50 pl of the CBO suspension in MEM under ketamine-xylazine anaesthesia [ 
151.
Bacterial numbers in the lower respiratory tract and brain. Under deep ketamine-xylazine anesthaesia, blood samples were obtained by heart puncture with a disposable heparinised syringe on days 1, 3, 5 and 7 after infection. Simultaneously, the lower respiratory tract (lungs and trachea, mean weight 0.2 g) and brain (mean weight 0.5 g) were removed, homogenised (Homogenizer, Yamato, Tokyo, Japan) and diluted in saline. To determine the number of viable bacteria, a 0.1-ml portion of each sample was plated in duplicate on chocolate agar enriched with IsoVitalex. As the original lung tissue homogenate inhibited growth of H. inJuenzae, but a 10-fold dilution did not, the detectable limit of bacteria in the lower respiratory tract was 5 x lo2 c k / g of tissue.
The limit of detection in brain and blood were 2 X 10 c h / g of tissue and 1 X 10 ch/ml, respectively.
Data analysis
The data were compared by the Bonferroni multiple comparison test.
Results
Resistance to serum bactericidal activity
After incubation with NHS for 2 h, the percentages of survivors among fimbriate and non-fimbriate organisms were <0.001% and 0.43 SEM 0.14%, respectively (Table 1) . Thus, the resistance of the parent strain to complement-mediated serum bactericidal activity was at least 400 times greater than that of the variant strain. Heat-inactivated human serum exhibited no bactericidal activity against either strain.
This result suggests that the amount of complement bound to the fimbriate strain may be greater than that bound to the non-fimbriate strain. The experiment showed that the amounts of C3 bound to the nonfimbriate and fimbriate strains, expressed as OD490, were 0.97 SEM 0.13 and 2.22 SEM 0.32, respectively (Table 1) . 
Bactericidal effect of treated NHS
Both NHSF-(normal human serum pre-absorbed with strain 770235f-bs) and NHSF+ (normal human serum pre-absorbed with strain 770235f+b+) had significantly reduced bactericidal effect against H. inzuenzae strain 770235f+b+, one-tenth of the effect of NHS (p < 0.01) (Fig. 1) . Also, there was significantly reduced bactericidal effect against H. inJuenzae strain 770235f -b+ (p < 0.01), compared with NHS. There was no significant difference in bactericidal activity against these two strains between NHSF-and NHSF+.
NHS killed fimbriate Hib more effectively than nonfimbriate Hib, and the killing ratio was unchanged after extended incubation.
PRP content in Hib jmbriate and non-jimbriate organ isms
The mean content of cell-associated PRP in strain 770235f-b+ organisms was 1.21 pg/l X lo8 cfu and that in strain 770235f+bs organisms as a counterpart was 1.35 pg/l X lo8 c h (Table 1) . 
Influence of jimbriae on bacterial adherence
Previous studies have demonstrated that NTHI organisms show significantly greater adherence to MFL cell monolayers than do Hib organisms [ 171. Similarly, fimbriate organisms are significantly more adherent than those without fimbriae [5] . In the present study, the mean numbers of H. injZuenzae strains 770235f-bf and 770235f+b+ were 7 and 28 organisms bound to 50 host cells, respectively. Those of strain 770235f-b+ and 77023 5f+b+ organisms pre-treated with GM 1 were 11 and 12, respectively. GM1 significantly inhibited the adherence of fimbriate organisms (p < 0.01) compared with untreated corresponding organisms.
Influence of jimbriae on murine bacteraemia and meningitis
To determine the influence of fimbriae on murine bacteraemia and meningitis induced by intranasal instillation of CBO, this study compared a fimbriate variant strain (770235f+b+) with the non-fimbriate parent strain (770235f-b+) from which it had been obtained by seven passages in medium containing red blood cells [20] .
Viable counts in the lower respiratory organs were c. 3 X lo4 cfu/g of tissue just after inoculation. The number of bacteria in the lungs of mice infected with the fimbriate variant strain decreased daily after infection (Fig. 2) . In contrast, the number of bacteria in the lungs of mice infected with the non-fimbriate parent strain fell into two distinct patterns, first visible on the third day following infection. In one group, the number of viable bacteria increased to > I X lo6 cfu/g of tissue; in the other group, the number remained constant or decreased.
The mortality rates in this experiment were 38.5% (10 of 26) in mice infected with non-fimbriate organisms and 11.5% (3 of 26) in those infected with fimbriate organisms. This mortality rate agrees with the change in number of viable bacteria in lung tissue following intranasal instillation of CBO. All the isolates fi-om blood or brain of mice infected with either nonfimbriate or fimbriate Hib were non-fimbriate Hib organisms by agglutination determination. Infection was by intranasal instillation of CBO with an inoculum size of (2 -3) X lo4 cfu/animal. The number of viable bacteria in the lungs was determined at 1, 3, 5 and 7 days after infection (n = 5).
The dotted line indicates the detectable limit of bacteria in the lower respiratory organs.
Discussion
It has been demonstrated that fimbriate Hib are significantly more adherent to cells than non-fimbriate bacteria in vitro [5] . Also, fimbriate organisms show a greater capacity for adherence to mucosal surfaces, although non-fimbriate organisms retain some capacity for colonising the monkey nasopharynx (albeit at reduced densities) [21] . The present study showed a similar phenomenon, and furthermore confirmed that this fimbriae-mediated adherence was inhibited by GM1. On the other hand, Kaplan et a2. [12] reported that only three of 50 Hib strains from the nasopharynx of children with Hib meningitis were fimbriate, as determined by electron microscopy. Also, Pichichero et al. [ l l ] reported that all isolates from Hib meningitis patients did not produce fimbriae as determined by a haemaglutination test. Fimbriae were not uniformly present in Hib strains isolated from either the nasopharynx or CSF, although most isolates examined had the genetic information to express fimbriae [22] . In the light of these facts, the role of fimbriae in the pathogenesis of Hib is ambiguous. The present in-vivo study showed that the mortality rate produced by nonfimbriate Hib in mice was about three times higher than for fimbriate Hib. As it is well known that H. influenzae piliation undergoes phase variation, the present data from the murine model also showed that all blood or brain isolates from animals inoculated with fimbriate Hib were non-fimbriate. These data were consistent with the negative impact of H. influenzae piliation on pathogenesis described previously [ 1 1, 121. Interestingly, the present in-vivo data were consistent with data concerning resistance to bactericidal activity in NHS.
A role for complement in enhancing the clearance of capsulate H. influenzae in experimental animal models has been proposed [23, 24] . The role of fimbriae in the interaction of serum complement with Hib has never been understood. To clarify this point, two invitro methods for complement activation were used in the present study -the determination of complementmediated bacteriolysis in normal human serum and the assessment by ELISA of complement bound to fimbriate and non-fimbriate organisms. The present study showed that the higher susceptibility of fimbriate organisms, compared with non-fimbriate organisms, to bactericidal activity of NHS might be caused by the differences in the level of C3 bound by those organisms. In addition, NHSF-and NHSF+ could show bactericidal activity against fimbriate and nonfimbriate Hib, although the bactericidal effect of those sera was significantly reduced, compared with NHS. This observation suggests that Hib organisms themselves activate the alternative complement pathway. Quinn et al. [25] demonstrated that Hib organisms could activate the alternative complement pathway without involvement of capsule. Several lines of evidence indicate that both the classical and alternative pathways of complement activation are associated with bactericidal activity against Hib.
The content of PRP was the same in fimbriate and non-fimbriate organisms. This result also supports the conclusion that the enhanced sensitivity of fimbriate organisms to bactericidal activity of NHS is caused by expressed fimbriae. On this point, Gilsdorf et al. [26] reported that MAbs directed against non-fimbriate Hib outer-membrane epitopes bound more to fimbriate Hib than to non-fimbriate Hib, and that non-fimbrial antibodies killed fimbriate Hib more effectively than non-fimbriate Hib in complement-dependent bactericidal assays. This result and the data presented here suggest that fimbriae themselves might be required for increased C3 binding and enhanced bactericidal activity. These results support the conclusion that complement can play an important role in determining the clearance of Hib from blood and that fimbriae are associated with complement-mediated bacteriolysis.
